ABSTRACT
INTRODUCTION
The increasing amount of available genome data makes it possible now to shed light on the molecular dynamics shaping their evolution. Genome evolution not only involves changes at the sequence level with base substitutions and/or insertion/deletion events but also rearrangements of the gene order along the genome. Comparative analysis of gene order in multiple genomes may help in investigating general or lineage-specific genome plasticity as well as in the inference of phylogenetic relationships (Boore and Brown, 1998; Blanchette et al., 1999) . In particular, investigation of gene contiguity on a chromosome (sometimes improperly referred to as conserved gene synteny), even if sometimes interrupted by intervening genes, suggests a functional coupling (Overbeek et al., 1999) .
We present here a simple algorithm and software to detect gene strings conserved in at least a given fraction of input genomes and present a simple example application in animal mitochondrial gene order.
ALGORITHM
The algorithm takes as input a set of N sequences of integer numbers, i.e. the sequence of the ID numbers associated with the genes, regardless of the spacing between them. The assessment of orthologous genes, to which the same ID is assigned, can be made through retrieval of specialized databases [e.g. COG; Tatusov et al. (2003) ] or by application of * To whom correspondence should be addressed. specific algorithms (Li et al., 2003) . The IDs can be positive or negative, indicating which strand a gene is located on. Different 'genomes' may contain a different set of genes or duplicated genes, i.e. one or more integers may be missing or duplicated in some of the input sequences.
The program outputs the sequences of integers (genes) that appear in the same order (possibly with additional constraints that will be explained in the following) in at least q of the input sequences. The quorum parameter, q, has to be set by the user. In other words, what the algorithm looks for are subsequences common at least to q of the input sequences. While this problem is notoriously hard for arbitrary strings, it can be solved efficiently if no string contains two equal characters or if the same character appears a limited number of times in each string.
As a first pre-processing step, the algorithm builds a directed acyclic subsequence graph (DASG) for the input sequences. More particularly a DASG for a set of sequences is a directed acyclic graph such that:
• One vertex (source) has only outgoing edges.
• Each edge is labeled with an input character.
• On each path from the source node, the concatenation of the edge labels corresponds to a subsequence of at least one of the input sequences.
A q-DASG can be defined analogously, with the difference that the subsequences corresponding to the paths in the graph occur in at least q sequences of the input set. Thus, the structure actually built by the algorithm is the q-DASG of the input sequences, where q is the quorum value set by the user (from 2 to N ). Further details on how the graph is built can be found in Crochemore and Tronicek (2002) . Once the graph has been built, finding the subsequences common to at least q input sequences is straightforward since it just takes a traversal of the graph.
As an additional input parameter, the user can set a maximum width threshold value for the gap separating two genes. The threshold can be expressed as the number of intervening genes or as the number of nucleotides. In the latter case, the input sequences are interpreted by the program as
where i 1 , i 2 , . . . , i i are the gene IDs as in the previous example and d j is the distance (in nucleotides) between gene i j and i j +1 .Thus, the meaning of a path in the graph labeled with integers i and j will be 'j follows i in at least q sequences of the set, and the width of the gap separating them in each one does not exceed the width threshold set'. Further parameters allow the user to consider the order of the genes regardless of the strand they appear in (negative IDs are converted to positive) or to look for subsequences appearing in the genomes in either strand (thus sequences +1 −2 +3 and −3 +2 −1 will be recognized as identical). Finally, the user can also set an input flag indicating circular genomes.
APPLICATION AND DISCUSSION
Mitochondrial genomes (mtDNA) of Metazoa contain a conserved set of 37 genes, including 13 protein-coding genes, two rRNAs and 22 tRNAs, and show an amazing variety of gene rearrangements (Saccone et al., 2002) . The number of different rearrangements observed in the 355 complete mtDNAs of Metazoa so far available (EMBL, June 2003) is 62 or 30, depending on whether tRNA are considered or not, respectively. Figure 1 shows a metazoan tree reporting for each lineage the number of different rearrangements observed in all complete mtDNA available. Such datasets were analyzed to test GeneSyn. The program took just a few seconds on a standard Pentium IV class desktop PC running the Linux operating system. There are no gene strings conserved in all the different mtDNA arrangements analyzed. Table 1 shows four-, threeand two-gene strings (indicated as run) conserved in animal mtDNAs, and only two-gene runs are present in more than 60% of the arrangements including tRNA genes. In some cases, conserved runs reflect known functional coupling like nad4L/nad4 or atp8/atp6, which in many organisms are overlapping genes encoded by a bicistronic transcript. In other cases, the remarkable observed conservation could reflect an unknown functional coupling or an ancestral status. It is interesting to note that although vertebrate and arthropod gene orders are not particularly over-represented in our sample (13/62 and 16/62, respectively; Fig. 1 ) all most frequently occurring gene runs are present in both taxonomic groups (see Supplementary Table 2 at ftp://159.149.110.11/pub/ GeneSyn_1.0/). On the contrary, none of the most frequently occurring gene runs is present in the available Urochordata mtDNAs, which show the highest gene rearrangement rate in Deuterostomia (Gissi et al., 2004) . This observation suggests that conserved gene runs are likely relics of an ancestral genome arrangement in metazoan evolution kept frozen in vertebrates (Saccone et al., 2002) . However, the lack of uniformity in the mtDNA taxon sampling suggests caution in the interpretation of occurrence percentages of each gene run.
The program can be run on bacterial genomes or eukaryotic chromosomes, where the allowance for the number of intervening genes or nucleotides will be a useful option. Moreover, the input format can be used to represent specific arrangements of sequence elements detected by pattern matching (Quandt et al., 1995) or pattern discovery algorithms (Pavesi et al., 2001) . In this case, the GeneSyn result may be of great help for the detection of complex modules regulating gene expression at the transcriptional or post-transcriptional level.
